Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching data sources,

gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this callection
of information, including suggestions for reducing this burden to Washington Head%uaners Service, Di for hon Operations and Reports,

fiice of Management and Budget,

1215 Jefterson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the
Paperwork Reduction Project {0704-0188) Washington, DC 20503,

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY] _ |2. REPORT TYPE 3. DATES COVERED (From - 70)
17-04-2001 FINAL TECHNICAL Jun 1997 - Sept 2000

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

HIGH FREQUENCY SONAR ELASTIC IMAGE 155 GRranT NUMBER

ENHANCEMENTS: RAY THEORY N00014-97-1-0614

§ . PROGRAM ELEMENT NUMBER

6. AUTHOR(S) ' 50. PROJECT NUMBER

Marston, Philip L. : Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
DEIDSARTI(\S/IENT OF PHYSICS REPORT NUMBER
WASHINGTON STATE UNIVERSITY 97-1-0614-
PULLMAN, WA 99164-2814 N00014-97-1-0614-FR

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

OFFICE OF NAVAL RESEARCH |
ONR 331

11. SPONSORING/MONITORING

800 NORTH QUINCY STREET AGENCY REPORT NUMBER
ARLINGTON, VA 22217-5660

12. DISTRIBUTION AVAILABILITY STATEMENT
Approved for public release:
Distribution unlimited

13. SUPPLEMENTARY NOTES

This is an AASERT »grant. The parent grant is NO0014-92-J-1600.

4. ABSTRACT  pesearch is reported into the causes of large high frequency acoustic echoes
from tilted bluntly truncated cylinders in water. As a consequence of the cylinder's tilt,
the specular reflection by the cylinder's outer surface only weakly contributes to the
backscattering. All of the enhancements considered are associated with the target's
mechanical response. An enhancement is discovered and analyzed for plastic and
rubber cylinders usually considered to have weak backscattering. Helical contributions
for cylindrical shells were also studied. '

15. SUBJECT TERMS
Acoustical Scattering, Ray Methods, Plastic Cylinders, Rubber Cylinders,
Cylindrical Shells, Helical Rays

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER | 19a. NAM§ 9F RESPONSIBLE PERSON
a. REPORT b, ABSTRACT [c.THISPAGE | oo RACT OF PAGES Phlllp L. Marston
. TELEPONE NUMBER (include area code)
U g 18b
U U uu (509) 335-5343

Standard Form 298 (Rev. 8-98)
Prescribed by ANS!-Std 239-18




I. Introduction

This grant was an AASERT award to facilitate the support of a US citizen graduate
student (Florian J. Blonigen). Blonigen was supported by this grant from July 1, 1997
through August 15, 2000. The parent award for related scattering research was from
ONR Code 331 (grant N00014-92-J-1600). The research summarized below conforms
with the original AASERT proposal, the abstract of which indicates, "The AASERT -
student will extend and test ray theory for situations where elastic responses are known
(or anticipated) to give bright high-frequency sonar images." The AASERT grant (as-
well as the broader parent grant) involves scattering research where the approaches
include: (1) identifying and (2) modeling mechanisms that produced enhanced scattering.
A significant component of the modeling concerns situations where thin shell theory does
not apply, as is the case for all of the research supported by this AASERT grant. The
AASERT supported research concerns scattering by tilted cylinders in situations where
illumination of the cylinder by short tone bursts can produce strong scattering
contributions. It concerns the following three issues.

1. For tilted solid cylinders made of plastic or rubber, there is a new backscattering
enhancement associated with a merging of farfield-Airy caustics. These caustics are
associated with rays transmitted by the cylinder and internally reflected. The
enhancement is especially strong near a predicted critical tilt angle.

2. For empty tilted cylinders having metal walls that are sufficient thick (and/or at
sufficiently high frequencies) flexural waves can become supersonic so that there is
strong coupling with acoustic waves in the surrounding water. (This is in contrast to
the case of subsonic flexural waves where the coupling is weak.) The research
concerns the observations and modeling of helical wave scattering enhancements for
situations where thin-shell mechanics is not directly applicable. The frequencies
investigated are above the coincidence frequency of the shell in water.

3. When the thick cylindrical shell studied in item 2 was filled with water, an additional
set of scattering contributions appeared associated with rays that were transmitted
through the shell into the water filled portion. The scattering contributions associated
with the helical waves were modified as a consequence of the leakage of energy by
the flexural waves from both the inner and the outer surfaces of the shell.

As a consequence of the cylinder's tilt, the specular reflection by the cylinder's outer
surface only weakly contributes to the backscattering. All of the enhancements
considered are associated with the target's mechanical response. As summarized below,
Blonigen's Ph.D. dissertation addresses each of these issues [B4]. The principal research
results on item 1 have been published [B1] and will not be repeated here. One
manuscript has been submitted on item 2 [B2]. The most complete description of the
AASERT supported research will appear in Blonigen's dissertation. Readers interested in
obtaining a copy may contact the Principal Investigator at: marston@wsu.edu or may
contact the Washington State University library. The parent grant has also supported
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research directly relevant to high frequency imaging. This has included (but is not
limited to) imaging of cylinders [A1] and holographic imaging of elastic disks [A2-3].

II. Backscattering enhancements for tilted solid plastic cylinders in water due to the
caustic merging transition: Observations and theory

The abstract of our journal article with this title [B1] is reproduced below:

Bulk shear and longitudinal waves give rise to important contributions to the scattering of
ultrasound by tilted finite plastic and rubber cylinders in water. This occurs in situations
where either the shear or longitudinal speed is less than the speed of sound in the
surrounding water. At a certain critical tilt angle, large backscattering enhancements are
observed for finite cylinders, where the wave vector can reverse direction upon reflection
from the cylinder truncation. The scattering process is analogous to the enhancement
produced by the merging of rainbow caustics of primary rainbow rays in the scattering of
light by long dielectric cylinders, also known as the caustic merging transition [C. M.
Mount, D. B. Thiessen, and P. L. Marston, "Scattering observations for tilted transparent
fibers: evolution of Airy caustics with cylinder tilt and the caustic merging transition,"
Appl. Opt. 37, 15341539 (1998)]. A ray theory was developed to model the backscattering
mechanism at the critical tilt angle. It employs the idea of the Bravais effective refractive
index, convenient for constructing ray diagrams for the projections of rays in the base plane
of the cylinder. There is general agreement between the theory and the experiment down to
relatively low ultrasonic frequencies (ka as small as 10). The enhancement is the most
significant backscattering contribution for a wide range of tilt angles.

In addition, there have been presentations of this and related research at various meetings
[C1,2,4-6].

III. Leaky helical flexural wave scattering contributions for tilted cylinders '

The theory Blonigen developed to model these scattering contributions have several
significant differences compared to ray theories previously developed for the theory of
helical rays associated with compressional waves (symmetric Lamb waves) on thin
shells. Consequently, it was appropriate to test the ray theory with a computational
benchmark. The benchmark chosen was scattering into the meridional plane by an empty
infinite tilted cylinder. The results of this comparison indicate that the flexural wave
parameters used in the ray theory must include a wave-vector anisotropy for the
propagation of the helical waves on the cylindrical shell. The sign and magnitude of this
anisotropy turns out to be different than for previous results by other authors for thin
shells at low frequencies. Only when this anisotropy is included does the ray theory
produce the results of the benchmark problem. Preliminary results were presented in an
invited paper at the joint ASA/EAA meeting in Berlin in 1999 [C3] and a detailed
manuscript has been submitted for publication [B2]. The abstract of the manuscript is
reproduced below:




“Leaky helical flexural wave scattering contributions from tilted cylindrical shells:
ray theory and wave-vector anisotropy,” by Florian J. Blonigen and Philip L.
Marston.

At sufficiently high frequencies cylindrical shells support a wave whose properties
are analogous to those of the lowest antisymmetric Lamb wave on plates. When the
shell is in water and the frequency exceeds the coincidence frequency, the flexural
wave is a leaky wave that can be a major contributor to the scattering by tilted shells
[G. Kaduchak, C. M. Wassmuth, and C. M. Loeffler, “Elastic wave contributions in
high-resolution acoustic images of fluid-filled, finite cylindrical shells in water,” J.
Acoust. Soc. Am. 100, 64-71 (1996)]. While the meridional ray scattering
contributions for such leaky flexural waves were previously modeled, the helical
contribution can also be significant. A ray theory for those contributions is compared
with the exact partial wave series (PWS) solution for infinitely long empty shells.
The agreement between the ray theory and the PWS is only possible when a weak
anisotropy of the flexural wave parameters is included in the.evaluation of the ray
theory. The anisotropy is determined numerically from the roots of a denominator in
the PWS because approximations for the anisotropy from thin-shell mechanics are not
applicable significantly above the coincidence frequency.

Following this success, Blonigen extended the model to describe the backscattering
contribution by helical flexural waves on empty bluntly truncated tilted cylinders in water
[B3,C8]. This model was tested and was found successful under situations where the
helical wave reflection coefficient at the truncation could be well approximated by unity.
In that case there was also an approximate benchmark analytical model for the steady-state
backscattering. The (approximate) benchmark partial-wave series by Morse, Marston, and
Kaduchak [A4,5] is an extension of a thin-shell partial wave series by Rumerman. The
experiments used tone bursts which were sufficiently long so that the measured
backscattering would approximate the steady-state backscattering contributions of flexural
(ag antisymmetric Lamb waves) on the tilted shell. The relevant rays are shown in Fig. 1.

Figure 2 shows a three-way comparison for the case of a stainless steel shell in water
having a thickness to radius ratio of h/a = 0.1625 with ka = 20 where k is the wavenumber
in water. The length to radius ratio L/a = 11.7. The solid curve is the aforementioned
approximate partial wave serves solution. The dashed curve is the ray theory that includes
only the ray contributions associated with the flexural wave. The points are measurements
obtained using a moderately short tone burst of type that could be used in a sonar imaging
system having high spatial resolution. Both curves, as well as the points, display a large
peak near 43° associated with a meridional ray that reflects off the truncation at the end of
the shell. (The form function normalization is such that geometric reflection from a rigid
sphere having the same radius as the cylinder would produce a unimodular form function.
On this scale a form function of greater than unity is a very large signal. Both curves (as
well as the measurements) show similar oscillations associated with helical flexural waves
as the tilt angle is decreased to about 20°. As expected however, neither the ray model nor
the measurements reproduced the narrow peaks of the approximate partial wave series
present near tilts of 20° and smaller. That is because those peaks are associated with
waves on the shell (such as compressional waves) that are relatively weakly coupled with
the acoustic field. Detection of those contributions would require using very long acoustic




Coupling condition:
kl/k = Sin 91

Figure 1. Diagram showing leaky meridional and helical rays on a bluntly truncated
cylindrical shell that produce large contributions to the backscattering. The
backscattering contributions require reflection from the blunt truncation at the end of the
cylinder. The helical rays are excited for a wide range of the tilt angle y and the
backscattering amplitude is predicted to have a non-monotonic dependence on the tilt
angle. This is partly because the waves excited along different parts of the path can
interfere constructively or destructively with the waves excited along other parts of the
path. In the situation considered, the important leaky rays are associated with
antisymmetric Lamb waves (that is high frequency flexural waves) on the shell. Itis
necessary to include the anisotropy of the flexural wave properties in the model and an
example is shown in Fig. 2.
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Figure 2. The points show the measured magnitude of the form function for
backscattering by an empty stainless steel cylinder as a function of the tilt angle where
zero tilt corresponds to broadside illumination. The incident wave was a 34 cycle tone
burst having a frequency of 225 kHz. The radius, thickness, and length of this shell are
21 mm, 3.42 mm, and 116 mm. The dashed curve is the ray theory prediction for the
backscattering contribution of helical flexural waves where the reflection coefficient at
each end of the cylinder is taken to be unimodular. The solid curve is an approximate
partial wave series result that includes compressional and shear wave contributions that

are not observed unless a very long tone burst is used.




tone bursts that may not be practical for imaging sonar. The success of the ray theory was
only possible because the anisotropy studied in [B2] was included in the analysis. The
magnitude of the backscattering was typically much larger than would have been found if
the cylinder had been a tilted bluntly truncated rigid cylinder of the same length.

IV. Backscattering by water-filled tilted cylindrical shells

Large backscattering enhancements were also observed for the water-filled shell case.
The dependence on tilt angle as well as tone burst length was investigated at selected
frequencies. The ray theory was modified to allow for the leakage of energy from both
sides of the shell [B3]. There was significant additional complexity due to the
contributions of rays within the water inside the shell. Different versions of the theory
were capable of bracketing the magnitude of the observed signals. There was general
agreement with the ray explanation of the various scattering contributions and the signal
magnitudes observed were much larger than would have been found if the cylinder had
been a tilted bluntly truncated rigid cylinder of the same length.
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